A wild-type strain and six methionine auxotrophs of Saccharomyces cerevisiae were cultured in a synthetic medium supplemented with 0.1 mM L-cysteine or L-methionine and analyzed for the synthesis of homoserine O-acetyltransferase (EC 2.3.1.31). Among them, four muitant strains exhibited enzyme activity in cell extracts, Methionine added to the synthetic medium at concentrations higher than 0.1 mM repressed enzyme synthesis in two of these strains. The enzyme was partially purified (3,500-fold) from an extract of a mutant strkin through ammonium sulfate fractionation and chromatography on columns of DEAE-cellulose, PhenylSepharose C1-4B, and Sephadex G-150. The enzyme exhibited optimal p1I at 7.5 for activity and at 7.8 for stability. The reaction product was ascertained to be O-acetyl-L-homoserine by confirming that it produced L-homocysteine in an O-acetyl-L-homoserine sulfhydrylase reaction. The Km for L-homoserine was 1.0 mM, and for acetyl coenzyme A it was 0.027 mM. The molecular weight of the enzyme was esimated to be approximately 104,000 by Sephadex G-150 column chromatography anid 101,000 by sucrose density gradient centrifugation.
It is well established that in microorganisms other than a few enteric bacteria O-acetyl-L-homoserine is an essential member of the biosynthetic pathway from L-homoserine to L-methionine (9, 23) . In many cases, O-acetylhomoserine synthesizes cystathionine with L-cysteine through the cystathionine y-synthase reaction. Cystathionine is then cleaved through the .-cystathionase reaction to produce L-homocysteine. Butin some microorganisms, O-acetylhomoserine can also be sulfhydrylated with H2S through catalysis by O-acetylhomnoserine sulfhydrylase, giving rise to Lhomocysteine directly (7, 17, 19, 20, 30, 31) .
The enzyme homoserine O-acetyltransferase (EC 2.3. 1.31), which catalyzes transfer of the acetyl group from acetyl coenzyme A (acetyl-CoA) to (2) This enzyme has not yet been well characterized except for a few bacteria (16, 22, 26, 27) . Shiio and colleagues (16, 22) have recently reported on feedback control by the end product methionine in the case of the enzyme from Brevibacterium flavum. Wyman et al. have described purification of the enzyme to near homogeneity (26) and also its regulation in whole cells (27) of Bacillus polymyxa. This protein is, however, subject to rapid and irreversible inactivation after extraction (26) .
Regulatory properties of the enzyme of Saccharomyces cerevisiae have been reported (4, 6) , based on observation of the acetyl exchange reaction (equation 2) in a crude extract. However, purification and further characterization of the enzyme fromn this organism have not yet been described, mainly because the amount of the protein in the cell is very small and the protein is also very unstable after extraction. To characterize the enzyme of S. cerevisiae, strains with high enzyme levels and a stabilization method were sought.
In this paper, both partial purification of the enzyme from a methionine auxotroph of S. cerevisiae and its enzymatic properties are dealt with.
MATERIALS AND METHODS
Organisms. Methionine-requiring mutant strains of the yeast S. cerevisiae were isolated by Naiki and Iwata (18) from a haploid strain (a mating type, galactose fermentable, pantothenate nonrequiring). The strains employed for investigating synthesis of the enzyme are referred to in this paper as the wild-type strain and six mutant strains derived from it; two require sulfite (strains 12 and 15) , two require thiosulfate (strains 6 and 8), and two require cysteine (strains 13 and 17) .
Chemicals and other materials. Synthesis of O-acetyl-Lamino acids (21) and purification of O-acetylserine-O-acetylhomoserine sulfhydrylase of S. cerevisiae (29) Identification of the reaction product. One milliliter of the reaction mixture for the homoserine 0-acetyltransferase reaction, which contained 75 mU of the enzyme and increased concentrations of L-homoserine (20 mM) and acetylCoA (5 mM), was incubated at 30°C for 30 min. After incubation, a purified preparation of 0-acetylserine-Oacetylhomoserine sulfhydrylase (28 U) from S. cerevisiae (29) and 2 ,umol of Tris sulfide were added. The mixture was further incubated for 2 h at the same temperature. The reaction was stopped with 3% trichloroacetic acid, and the mixture was then deproteinized by centrifugation at 3,000 rpm for 5 min. The supernatant fraction was applied to a Dowex 5OW-X8 column (1 by 3 cm, H+ form). After the column was washed with distilled water, amino acids were eluted with 3 N ammonia-water. The amino acids were then oxidized with performic acid and subsequently lyophilized by the method of Hirs (10) . The lyophilized material was analyzed for the presence of L-homocysteine, a reaction product of O-acetylhomoserine sulfhydrylase, by paper electrophoresis as described previously (28) .
Estimation of MW. Gel filtration was carried out on a Sephadex G-150 column (1.5 by 38 cm) equilibrated with 50 mM Tris hydrochloride buffer, pH 7.8, containing 25% sucrose, 0.2 mM dithiothreitol, 1 mM EDTA, and 0.05 M NaCl. Fifty-one milliunits of the enzyme were dissolved in 1 (18) supplemented with 0.1 mM L-cysteine hydrochloride.
ml of the equilibration buffer, together with 0.1 mg of bovine liver catalase (EC 1.11.1.6) (molecular weight [MW], 248,000), 0.5 mg of yeast alcohol dehydrogenase (EC 1.1.1.1) (MW 150,000), 0.5 mg of rabbit muscle lactate dehydrogenase (EC 1.1.1.27) (MW 140,000), and 5 mg of bovine serum albumin (MW 68,000), and then applied to the column. The eluate was fractionated by 1.1-ml fractions. MW was calculated by the method of Whitaker (25) .
MW was also determined by centrifugation of the enzyme in a sucrose concentration gradient. Twenty-six milliunits of the enzyme were dissolved together with 1 mg of rabbit liver lactate dehydrogenase in 1 ml of 50 mM Tris hydrochloride buffer, pH 7.8, containing 1 mM EDTA and 0.2 mM dithiothreitol. The solution was layered over a sucrose concentration gradient (5 to 30%) formed in the same buffer and subsequently centrifuged at 2°C and 40,000 rpm for 25 h. The MW was calculated by the method of Martin and Ames (15) .
Other procedures. Electrofocusing was carried out at 0.5°C by the method of Vesterberg and Svensson (24), with carrier ampholite (pH 3.5 to 5.0) at an average concentration of 1%. To protect the enzyme from inactivation, sucrose was added at an average concentration of 38%. An enzyme preparation containing 102 mU of homoserine O-acetyltransferase was placed in the gradient. Other conditions were as described previously (31) . Polyacrylamide slab gel electrophoresis was carried out in a cold room. Gels were prepared by the method of Davis (5), with both condensing and separation gels containing 25% sucrose. An electric current of 20 mA in a cross-sectional area of 0.2 by 13 cm was supplied for 4 h. Protein concentration was determined by the methods of Lowry et al. (14) and Bradford (2), with bovine serum albumin as a standard.
RESULTS
Comparison of enzyme synthesis in strains. Table 1 shows the result of a comparative study of the contents of the enzyme in seven yeast strains, each of which was cultured in a synthetic medium (18) supplemented with 0.1 mM Lcysteine. Synthesis of the enzyme appeared to be derepressed in four auxotrophs (strains 6, 8, 12, and 17). Similar results were obtained when L-cysteine was replaced by L-methionine (data not shown). The two methionine auxotrophs which showed no enzyme activity (strains 13 and 15) might be more sensitive to repression of enzyme synthesis by these two amino acids.
Repression. The repressive effect of L-methionine on synthesis of the enzyme in strains 6 and 12 was investigated. Methionine added at a concentration of 1 mM completely repressed enzyme synthesis ( (4, 6) . Enzyme activity was also lacking in cell extracts of these strains cultured in rich medium (28) (data not shown). Together with the derepression of enzyme syithesis in the four methionine auxotrophs (Table 1) , this suggests that the enzyme functions in S. cerevisiae as a synthase of 0-acetyl-L-homoserine, a precursor of homocysteine biosynthesis (4, 6) .
Purification of L-homoserine 0-acetyltransferase. Cells of mutant strain 6 were cultured in the synthetic medium containing 0.1 mM L-methionine as described in Materials and Methods. The total wet weight of the cells harvested from 74 liters of culture medium was 300 g.
Step 1. The cells were suspended in 700 ml of buffer B (buffer A supplemented with 1 mM EDTA) and subjected to Dyno Mill agitation as described previously (28) . After the glass beads had been washed with 500 ml of buffer B, the homogenate, together with the wash fluid, was centrifuged at 10,000 rpm for 30 min.
Step 2. The supernatant solution obtained was fractionated with ammonium sulfate between 40% (240 g/liter) and 65%
saturation (additional 165 g/liter). Precipitated proteins were collected by centrifugation at 10,000 rpm for 30 min, dissolved in a small volume of buffer B, and dialyzed against 2 liters of the same buffer for 20 h.
Step 3. The dialyzed material was centrifuged as above. The 280 ml of supernatant obtained was diluted to 2.8 liters with buffer B and then applied to a DEAE-cellulose column (4.2 by 7 cm) equilibrated with buffer B. The column was washed with 300 ml of buffer B containing 0.05 M NaCl, and the enzyme was eluted by increasing the concentration of NaCl to 0.2 M.
Step 4. This solution, 75 ml, was applied to a DEAEcellulose column (2.6 by 30 cm) after dilution to 400 ml with buffer B, and proteins were eluted with 600 ml of a linear concentration gradient (0.05 to 0.30 M) of NaCl prepared in buffer B. Fractions containing homoserine 0-acetyltransferase activity were combined (113 ml).
Step 5. The combined fractions were brought to 30% saturation with respect to ammonium sulfate (170 g/liter). This solution was subsequently applied to a PhenylSepharose Cl-4B column (2.6 by 34 cm) equilibrated with buffer B containing amnmonium sulfate at 30% saturation. The enzyme was eluted at a rate of 1.7 ml/min with 600 ml of a linear ammonium sulfate concentration gradient (30 to 0% saturation) prepared in buffer B. Active fractions were combined, yielding 34 ml.
Step 6. This solution was concentrated with a collodion bag (Sartorius Membranfilter, SM 13200) to 6 ml and then subjected to gel filtration on a Sephadex G-150 column (2.6 by 92 cm) which was equilibrated with buffer B containing 0.05 M NaCl. The flow rate was 8 ml/h. Active fractions were combined, providing 21.5 ml.
Step 7. This final fraction was subjected to DEAEcellulose column (1.5 by 23 cm) chromatography, in which the enzyme was eluted with 300 ml of a linear NaCl concentration gradient from 0.05 to 0.25 M. The flow rate was 12 ml/h, and the eluate was fractionated by 3.4-ml fractions. Table 3 summarizes the results of purification of the enzyme.
Reaction product. To determine whether the reaction product of the acetyltransferase was O-acetyl-L-homoserine, a reaction was carried out with the product as a substrate of O-acetylserine-O-acetylhomoserine sulfhydrylase from S. cerevisiae (29) , and the final reaction product was analyzed by high-voltage paper electrophoresis. This product was identified as L-homocysteine, indicating that the product of the first reaction was O-acetyl-L-homoserine, since the 0-acetylserine.O-acetylhomoserine sulfhydrylase of S. cerevisiae used in the second reaction reacts specifically with
O-acetyl-L-serine or O-acetyl-L-homoserine (29).
Optimal pH. The optimal pH for activity was determined by using the preparation obtained at step 4, Reactions were carried out at pHs from 6.0 to 10.0 with 0.05 M potassium phosphate or Tris hydrochloride buffer. The activity curve obtained showed a peak at pH 7.5 (phosphate buffer) with sharp slopes on both sides (data not shown). To determine the optimal pH for stability, the enzyme was incubated both at 30°C for 5 h and at 4°C for 23 h at pHs in the same range as above. The incubated solution, 0.2 ml, contained 4 mU of the enzyme, 0.05 M potassium phosphate or Tris hydrochloride buffer, 1 mM EDTA, 25% sucrose, and 0.1 mM dithiothreitol. The activity was determined with 0.1 ml of the incubated solution. In these experiments, the enzyme was shown to be most stable at pH 7.8 
(Tris buffer).
Substrate specificity. The enzyme transferred an acetyl group from acetyl-CoA to L-homoserine but not to L-serine, D-serine, L-threonine, or L-hydroxyproline, each of which was added to the reaction mixture at a concentration of 10 Methods. See step 7 of the purification procedure (Table 3 and text) for conditions of chromatography.
its activity, since equal activity was observed with 0.77 mM L-homoserine and 1.54 mM DL-homoserine in the reaction mixture. The enzyme did not transfer a succinyl group from succinyl-CoA to any of the hydroxy amino acids examined.
The enzyme preparations obtained in the final step of the purification also catalyzed deacylation of acetyl-CoA in the absence of L-homoserine, and the elution curve of this activity from the DEAE-cellulose column was parallel to that of the homoserine acetyltransferase (Fig. 1) . This suggests that the two activities are catalyzed by the same protein. The acetyl-CoA deacylase activity was approximately one-sixth the acetyltransferase activity under the assay conditions described in Materials and Methods. The deacylase activity tended to be inhibited by the substrate, acetyl-CoA, at concentrations higher than 0.05 mM (Fig. 2) . 20 22 O-Phospho-L-homoserine 13 10 O-Succinyl-L-homoserine S-Adenosyl-L-homocysteine 0.2 13 1. 6 31
Assay II was used for activity determination.
On the other hand, the acetyltransferase reaction showed a hyperbolic dependence on the concentration of acetyl-CoA. The Km for acetyl-CoA in the acetyltransferase reaction was tentatively determined from a Lineweaver-Burk plot to be 0.027 mM at fixed L-homoserine concentrations of 2 and 5 mM. At acetyl-CoA concentrations of 0.065 and 0.095 mM, the substrate (L-homoserine) saturation curves were also hyperbolic. The same procedure gave an identical Km of 1.0 mM for L-homoserine. In the acetyl-CoA deacylase reaction, the Km for acetyl-CoA was determined to be 0.012 mM in substrate concentrations ranging from 0.005 to 0.05 mM.
MW. The MW of the enzyme was estimated to be approximatley 104,000 by gel filtration through a Sephadex G-150 column, while centrifugation on a sucrose concentration gradient of the protein resulted in an MW of 101,000, with lactate dehydrogenase of rabbit muscle as a standard. No change in MW was observed even when 5 mM Lhomoserine was added during either procedure. Isoelectric point. Electrofocusing of the enzyme gave reproducible results showing that the isoelectric point of the protein was at pH 4.0.
Inhibition. Table 4 summarizes the inhibitory effect of related amino acids on the enzyme activity of the final preparation. L-Tyrosine and L-serine neither acted as substrates of the enzyme, as mentioned above, nor inhibited the activity. The group of 0-modified amino acids, including the reaction product O-acetyl-L-homoserine, inhibited the enzyme slightly. The extent of inhibition by O-acetyl-Lhomoserine was similar to that observed for the Brevibacterium flavum enzyme (16) . L-Methionine, the end product of the pathway in which the enzyme functions, showed no inhibitory effect at a concentration of 12 mM or higher.
Some amino acids mentioned in Table 4 also inhibited the acetyl-CoA deacylase activity: 0-acetylhomoserine (40% inhibition at a concentration of 5 mM), 0-succinylhomoserine (7% at 2.4 mM), homocysteine (40% at 2.2 mM), 0-acetylserine (30% at 20 mM), and S-adenosylhomocysteine (70% at 0.32 mM). These results support the idea that the same protein catalyzes both the homoserine acetyltransferase and the acetyl-CoA deacylase reaction.
Carbonyl reagents such as hydroxylamine hydrochloride (7 mM) and phenylhydrazine hydrochloride (3 mM) had no effect. Metal ions introduced into the reaction mixture in chloride forms such as MgCl2, CaC12, and ZnCl2 also had no effect on the activity at a concentration of 3 mM. No 
DISCUSSION
De Robichon-Szulmajster and Cherest (6) described acetyl exchange activity (equation 2) in an extract of a wild-type cell. The specific activity of the exchange reaction was reported to be 1.1 to 1.5 mU/mg of protein. However, in this study no homoserine acetyltransferase activity (equation 1) was detected in the extract of the wild-type strain. The discrepancy can be explained by differences in assay methods (the protein concentration in their reaction mixture was 30 times higher than that in this study) and perhaps by differences in the conditions of cell culture. However, in two mutant strains used in this study, 6 and 12, the enzyme activity was 13 to 18 times higher than that observed in the extract of the wild-type strain studied by de RobichonSzulmajster and Cherest (6) . Consequently, these strains seem highly promising as enzyme sources for the study of the O-acetyltransferase from S. cerevisiae.
The cells of the two mutant strains synthesized the enzyme most actively when methionine was added to the culture medium at a concentration of 0.1 mM (Table 2) . A similar result was obtained when methionine was replaced with L-cysteine (data not shown). Explanation for the repression by L-cysteine is at present impossible, since the enzyme was observed not to react with L-serine to synthesize 0-acetylserine, a substrate of cysteine synthase. It is not clear why the specific activity of the enzyme in the extract of cells cultured with 0.1 mM methionine was higher than that observed in cells cultured with 0.05 mM. A methionine auxotroph of Brevibacteriumflavum also appears to have an optimum methionine concentration of about 0.1 mM in minimal culture medium for synthesis of homoserine 0-acetyltransferase in its extract (16) . These facts seem inconsistent with the observation that methionine repressed synthesis of the enzyme at higher concentrations (Table 2) . One possible explanation could be that the enzyme synthesis in this organism is not as sensitive to methionine as it has been shown to be for Bacillus polymyxa, in which synthesis is strongly repressed by methionine even at a concentration of 0.05 M (27) . Also, protein synthesis in S. cerevisiae might require a higher concentration of methionine than 0.05 mM in the cell.
No significant difference was observed in the amount of enzyme synthesized by cells harvested at three different growth phases-mid-exponential, late exponential, and stationary phase (data not shown).
The homoserine 0-acetyltransferase from S. cerevisiae was able to be purified approximately 3,500-fold after stabilization. This enzyme has never before been highly purified from any source in a stable form. It was ascertained in a preliminary experiment that the enzyme was very unstable when handled in a buffer which contained no substance having polyhydroxyls, such as sucrose or glycerol. L-Homoserine, the substrate, was also demonstrably effective in maintaining greater stability of the enzyme during incubation. This amino acid has also been reported to play a role in stability of the Brevibacterium flavum homoserine 0-acetyltransferase (22) . The final preparation in buffer B could be kept at -20°C without any measurable loss of activity for at least 3 months. Polyacrylamide slab gel electrophoresis of the final preparation, however, still exhibited at least two protein impurities, indicating that the content of this protein in the cell is extremely low. The amount of the enzyme in the cell was calculated to be approximately 1% of the amount of 0-acetylserine-O-acetylhomoserine sulfhydrylase of the same organism, based on the assumptions that the purity of the final preparation obtained was approximately 30% and that a previously obtained O-acetylserine-O-acetylhomoserine sulfhydrylase preparation (purified 130-fold) was homogeneous (29) .
Catalytic properties of the enzyme were also noted. The enzyme appeared to catalyze both homoserine O-acetyltransferase and acetyl-CoA deacylase reactions (Fig. 1) . The results summarized in Fig. 2 suggest that L-homoserine sets the enzyme molecule free to operate by receiving an acetyl group from the acetylated enzyme. Detailed kinetic studies, however, are required to understand the precise reaction mechanism. The MW has never been determined for the enzymes of other organisms, except for the MW 40,000 reported for Bacillus polymyxa homoserine O-acetyltransferase (26) , but it has been suggested that this enzyme exists in an oligomeric form within the bacterial cell (27) .
No concrete evidence was obtained that the activity of the enzyme is regulated through some feedback control system by metabolites related to the methionine pathway. The three amino acids having a sulfhydryl group-cysteine, homocysteine, and penicillamine-inhibited the enzyme to a similar extent, suggesting that the inhibition was the result of a nonspecific effect of the sulfhydryl compounds of these amino acids, as reported for the Brevibacterium flavum enzyme (22) . L-Methionine had no inhibitory effect on the enzyme. Likewise, it has been reported to have no effect on acetyl exchange reactions in S. cerevisiae (6) and Neurospora crassa (12) . In contrast, the enzymes of bacteria such as Bacillus polymyxa (26) , Bacillus subtilis (3), and Brevibacterium flavum (22) are subject to end product inhibition by methionine and S-adenosylmethionine, except for one reported case with Corynebacterium glutamicum (11) . In Escherichia coli, synthesis of 0-succinylhomoserine in place of O-acetylhomoserine is under the control of end product inhibition (13) . It is interesting that there is a clear difference between fungi and bacteria in the mechanisms for regulation of the methionine pathway.
The fact that the enzyme from S. cerevisiae was only slightly inhibited by both S-adenosylmethionine and Sadenosylhomocysteine does not exclude the possibility that the catalytic activity of this enzyme is regulated by these two amino acids. Much higher inhibition might have been observed if the amino acids had been added together to the reaction mixture. Also, Shiio and Ozaki (22) have discussed the possibility that the enzymes reported to be insensitive to end product inhibition might have been desensitized to the inhibitor(s) after extraction, as shown for the Brevibacterium flavum enzyme (22 
